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1. Introduction  
Although there has been considerable research on the analysis of the second order effects of 
movement (i.e., the analysis of the patterns, similarities, or characteristics of trajectories), 
Gschwend and Laube (2012) argue that not enough research has addressed the analysis of 
first-order effects (i.e., the impact of the environmental context in which movement takes 
place). In this paper we outline ongoing research investigating an important and challenging 
aspect of context-aware movement analysis: causation. Specifically, the research aims to 
explore techniques for mining dense spatiotemporal data about movement patterns and 
environmental changes to assist domain experts in identifying and testing hypotheses about 
possible causal relations between movement events and environmental events. 
1.1 Motivation: Fish movement 
A major environmental monitoring project in the Murray River, south eastern Australia, has 
established over the past five years a network of 18 logging towers, capable of tracking the 
movement of more than 1000 tagged fish between different zones in the river (Koehn et al. 
2010). The project is providing important insights into the effects of environmental 
management of the river to improve fish habitats. However, this rich data source may contain 
many further important insights about the ecology of this environmentally and economically 
vital river system. For example, do moon cycles, high river flows, or rain events cause 
certain patterns of long-range movement in tagged fish? Or do low temperatures lead to fish 
staying in home zones of the river? In general, our contention is that the (first-order) context 
of animal movement, and in particular the causal context, is typically more important to 
ecological domain experts than the (second-order) characteristics of the movement itself.  
2. Causation 
Causal relationships are relatively infrequently studied in the context of geographic 
information science (but see, e.g., Allen et al 1995, El-Geresy et al. 2002 amongst others), no 
doubt in part due to the difficulty in arriving at a consensus on the definitions of causal 
relationships, even in philosophy. We adopt for the ontological foundations of this work the 
approach of Galton (2012), summarized in Figure 1. In starting from solid ontological 
foundations, our hope is to make our approach flexible enough to be useful in a range of 
applications beyond our specific example of fish movement.  
 
Figure 1. Causal-like relationships amongst states, events, and processes, after Galton 2012 
In short, after Galton (2012):  
• Only events (defined as temporally bounded “happenings” where one or more 
participants in that event change) may strictly cause other events.  
• Events may initiate or terminate states (causal-like relationships) and may initiate or 
terminate processes (similar to events, but an open-ended activity, like “movement”).  
• Processes can perpetuate other processes (analogous to an event causing and event) 
• States (of the world) only affect causation in as much as they can allow events to 
cause other events or processes to perpetuate other processes.  
Based on this ontology, our approach further aim to identify event sequences where 
consecutive events share some spatiotemporal part. The intuition here is that in order for one 
spatial event to cause another, they must share at least one point in space and time.  
2.1 Example 
In our motivating example of fish movement, events, processes, and states and their 
interrelationships can all play important roles in context aware movement analysis. For 
example, the state of high flows in parts of the river will be initiated by an event: the start of 
a high river flow (i.e., the transition from not high to high flow). A subsequent full-moon 
event may cause the start of a fish migration event, this causation being allowed by the state 
of high river flow. Spatiotemporal co-location is essential to this causal relationship. Fish in 
either a. other parts of the river, which are not in a state of high flow; or b. that river zone but 
at another time when it is not in a state of high flow, may consequently not be allowed to 
experience the start of a fish migration event. The start of the fish migration event initiates a 
process of fish migration, with fish swimming long distances upstream to spawn. Figure 2 
summarizes these relationships diagrammatically.  
 
Figure 2. Example ontology of fish migration causation (cf. Figure 1) 
Clearly, it would be beyond any of today’s data mining or artificial intelligence techniques to 
derive such causal explanations given only data about fish movements and their 
environmental context. Nevertheless, our experience is that domain experts typically already 
possess many (competing) hypotheses about what causal relationships may explain patterns 
in a data set (even if they are unlikely to be phrased in the somewhat artificial language of 
ontology used above). Our aim in this research is to provide tools that can assist domain 
experts in exploring dense data sets concerning fish movement and associated environmental 
factors.  
3. Sequence mining 
Figure 3 illustrates our approach to identifying potential causal relationships in data from our 
motivating example of fish movements in the Murray River (section 1.1). In summary:  
• The data generated from the fish-tracking project consists of tuples of the form (t, l, 
o) where t is a timestamp; l is a location (in the form of a river zone); o is an 
observation of a fish’s identifier in that zone. Environmental data confirms to the 
same structure, except that the observations are of environmental parameters, 
including temperature, river flows, moon phase, and so forth. In both cases, 
observations are per-day over a four-year period.  
• The raw data is categorized into sequences of atomic events experienced by each fish 
over time, such as the movement from one zone to another, or the start of a high 
temperature event in its zone. The formulation of event categories requires human 
domain expertise (e.g., a high temperature event occurs when water temperature rises 
by more than 1 degree above seasonal average).  
• At this point, the user may choose to explore the data, using an existing data mining 
technique to mine frequent sequences of events from the data. Sequence mining is 
closely related to association rule mining. In our approach, we reuse existing 
sequence mining techniques and software, based on the TraMineR sequence mining 
package for the R statistics language (Gabadinho et al, 2011). The approach generates 
an exhaustive set of frequent event sequences (candidate causal relationships), which 
can be ranked by support (identified sequence as a proportion of all sequences). 
• Whether through exploration of the mined frequent sequences, or directly through 
pre-existing expertise, it is to be expected that users may derive higher level 
hypotheses about causal relationships between events and processes. TraMineR also 
supports sequence mining of user-defined sequences, of atomic or derived aggregate 
events. An example of derived aggregate event would be a long-range movement, 
such as a sequence of four upstream zonal transitions within some time period. 
Further statistical analysis may be applied to determine whether particular identified 
sequences may have occurred by chance (hypothesis tests).  
 Figure 3. Summary of context-aware fish movement analysis process 
4. Preliminary results and outlook 
Refinement, standardization, and experimental evaluation of our approach is currently 
ongoing. However, early results are encouraging. Example of some of the statistically 
significant candidate causal relationships identified from the data include:  
• Full and new moons are followed by downstream fish movements with a lag of up to 
two days (i.e., there is no significant increase in fish movements immediately on full 
or new moon days).  
• High rain events tend to be followed by (upstream or downstream) fish movement, 
with a similar lag of up to two-days. 
• Long range downstream or upstream movement tends to follow high (but not low) 
temperature events.   
In addition to thorough experimental analysis of candidate causal events identified by the 
approach, current short-term research goals include:  
• Further precise formal and ontological definition of the entities and relationships that 
can be identified using this process;   
• The development of a user interface to efficiently construct event categorizations and 
interact with mined sequences; and  
• Extensions to other closely related applications, including marine tracking data about  
shark movements and transportation data about vehicle movements.  
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